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This study demonstrates the retention of mouse sperm lysozyme-like protein (mSLLP1) in the equatorial segment of spermatozoa
following the acrosome reaction and a role for mSLLP1 in sperm–egg binding and fertilization. Treatment of cumulus intact oocytes with
either recmSLLP1 or its antiserum resulted in a significant (P  0.05) inhibition of fertilization. Co-incubation of zona-free mouse oocytes
with capacitated mouse spermatozoa in the presence of varying concentrations of anti-recmSLLP1 serum or recmSLLP1 also inhibited
sperm–oolemma binding. A complete inhibition of binding and fusion of spermatozoa to the oocyte occurred at 12.5 AM concentration of
recmSLLP1, while conventional chicken and human lysozymes did not block sperm–egg binding. mSLLP1 showed receptor sites in the
perivitelline space as well as on the microvillar region of the egg plasma membrane. The retention of mSLLP1 in the equatorial segment of
acrosome-reacted sperm, the inhibitory effects of both recmSLLP1 and antibodies to SLLP1 on in vitro fertilization with both cumulus intact
and zona-free eggs, and the definition of complementary SLLP1-binding sites on the egg plasma membrane together support the hypothesis
that a c lysozyme-like protein is involved in the binding of spermatozoa to the egg plasma membrane during fertilization.
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Lysozyme is known as a powerful antibacterial protein
found in many organisms, including invertebrates, plants,
fish, birds, and mammals (Prager and Jolles, 1996). Within
the animal phyla, three main lysozyme types are recognized:
chicken-type (c), goose-type, and invertebrate type. Lyso-
zyme belongs to a class of enzymes (muramidase, EC
3.2.1.17) that lyses the cell walls of certain Gram positive
bacteria by catalyzing the hydrolysis of the beta-1, 4-
glycosidic linkage between N-acetylmuramic acid and N-0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.05.008
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1 Both authors contributed equally to this work.acetylglucosamine in the bacteria cell wall peptidoglycan
(Jolles and Jolles, 1984). It has been suggested that
lysozymes, not only protect hosts against infection from
invading microorganisms, but also play a role in releasing
nutrients from some bacteria in the digestive tract (Prager,
1996). The potent bacteriolytic lysozyme, present in many
tissues and body fluids in human and mouse, is the c-type
lysozyme, encoded by a gene located at 12q14.3 in humans
and on chromosome 10 in mouse. Conventional c lyso-
zymes possess a substrate binding domain, which accom-
modates oligosaccharides of N-acetylglucosamine and
alternating polymers of N-acetylmuramic acid and N-
acetylglucosamine (Strynadka and James, 1996).
During fertilization in mammals, only capacitated sper-
matozoa are able to penetrate the oocyte. Spermatozoa that
reach the zona pellucida receive a signal to undergo the84 (2005) 126 – 142
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enzymes which appear to facilitate the binding of the sperm
to the zona pellucida. Although acrosomal enzymes have
been also considered to facilitate hydrolysis of a fertilization
channel through the zona pellucida, recent analyses suggest
that zona penetration could also be based on the cutting
thrust of the oscillating spermatozoa (Bedford, 1998, 2004).
Upon emergence from the zona pellucida, acrosome-reacted
spermatozoa cross the perivitelline matrix (space) and bind
to and fuse with the oolemma (Wassarman, 1999). Only
acrosome-reacted sperm are found in the perivitelline
matrix, and only acrosome-reacted sperm are fusogenic
(Talbot and Dandekar, 2003; Yanagimachi, 2003), with the
plasmalemma domain overlying the equatorial segment
thought to mediate oolemma binding and fusion events
(Bedford et al., 1979; Talbot and Chacon, 1982). Thus,
fertilization is completed through direct interactions
between sperm and oocyte surface proteins.
Awidely discussed model in mammalian fertilization has
been binding of a sperm ADAM (A Disintegrin And
Metalloprotease) to an egg integrin as a required step for
sperm–egg membrane fusion (He et al., 2003). However,
targeted deletion of ADAM2 (fertilin h) and ADAM3
(cyritestin) in mice produces sperm that do not fertilize in
vivo but can still normally fuse with eggs in vitro (Cho et
al., 1998; Nishimura et al., 2001), suggesting that other
receptor–ligand interactions may mediate sperm–egg bind-
ing and fusion. On the egg, the observation that PI-PLC
treatment of mouse eggs but not sperm prevents sperm–
oolemma binding and fusion (Coonrod et al., 1999)
confirms the importance of oolemmal GPI anchored
proteins in events at the oolemma. Similarly, conditional
knockout of the Pig-a gene, which encodes an enzyme
involved in GPI anchor biosynthesis, results in infertile
female mice (Alfieri et al., 2003). Furthermore, antibodies to
the egg surface tetraspanin, CD9, block fertilization (Chen
et al., 1999), and CD9 knockout mice are infertile (Kaji et
al., 2000; Le Naour et al., 2000; Miyado et al., 2000).
Currently unknown are the sperm ligands that interact with
CD9 or with the class of GPI anchored egg receptors. A
recent study by Ellerman et al. (2003) indicates that
pregnancy-specific glycoprotein, PSG17, a member of the
immunoglobulin superfamily, is a ligand for CD9. However,
further work should reveal whether this specific ligand is
detected on the surface of spermatozoa.
Recently, in our laboratory, a novel c-type lysozyme-like
protein (hSLLP1) was discovered in the human acrosome.
Encoded by the gene SPACA3 located at 17q12, this novel
intra-acrosomal, non-bacteriolytic c lysozyme-like protein
possessed 17 out of the 20 invariant residues of the c
lysozymes including all 8 cannonical cysteines but lacked
two critical residues within the catalytic pocket. However,
most of the residues considered critical for substrate binding in
c lysozymes were conserved in hSLLP1 (Mandal et al., 2003).
In the present study, the mouse model was used to
analyze the function of this unique c lysozyme-like proteinin fertilization. The murine orthologue of hSLLP1
(mSLLP1) was cloned and localized in the male gamete
before and after the acrosome reaction. In vitro fertilization
assays were performed in the presence of recmSLLP1 as
well as anti-mSLLP1 monospecific antibodies. Moreover,
complementary binding sites for mSLLP1 were identified
on the microvillar domain of the mouse egg.Materials and methods
Cloning and expression of mSLLP1
Using a Blast search tool (Altschul et al., 1990), a mouse
orthologue of the human SLLP1 was sought in the NCBI
GenBank database and a candidate gene identified. Single
gene-specific forward (5VCAT GCC ATG GCC AAG GTC
TTC AGT CGC TGT GAG CTG) and reverse primers (5V
CCG CTC GAG GAA GTC ACA GCC ATC CAC CCA
GTC) with NcoI and XhoI restriction sites respectively were
designed to amplify the predicted processed form (128 amino
acids, from 94 to 221) of the mouse SLLP1. Primers were
obtained from Invitrogen (Carlsbad, CA). The cDNA was
amplified by PCR from a mouse testis cDNA library
(Clontech, Palo Alto, CA). The cycling parameters employed
were 94-C, 2min; 94-C, 30 s; 51-C, 1min; and 68-C, 1.5min,
for 40 cycles. PCR reaction products were separated on
agarose gels, and a band of¨400 bpwas isolated, reamplified,
and subcloned in pCR2.1 TOPOvector (Invitrogen).Multiple
cDNA clones were sequenced in both directions using vector-
derived primers on a Perkin-Elmer Applied Biosystems DNA
sequencer (Biomolecular Research Facility, Univ. of Virginia
Health System, VA). The cloned cDNA sequence was
submitted to GenBank (accession number, AY601763). The
insert was then restriction digested, gel purified, ligated into
the predigested pET28b+ vector, and used to transform
competent BL21DE3 cells (Novagen, Madison, WI). The
final construct added two amino acids at the N-terminus and
eight residues at the C-terminus including a six histidine tag.
A 7 ml culture from a single colony was grown to optical
density of ¨0.8 at 600 nm at 37-C in Luria broth (LB) in the
presence of 50 Ag/ml of kanamycin. Isopropyl-h-d-thio-
galactopyranoside (IPTG) (Sigma, St. Louis, MO) was then
added to a final concentration of 1 mM to induce
expression. Following 3 h of induction, the bacteria were
collected by centrifugation. The recombinant protein was
isolated from the insoluble fraction of E. coli, dissolved in 8
M urea in binding buffer (20 mM Tris–HCl, pH 7.9, 5 mM
imidazole, and 0.5 M NaCl), and purified on a His binding
Ni2+ chelation affinity resin column by a modification of the
manufacturer’s procedures (Novagen). The eluates were
then dialyzed overnight against three changes of PBS. The
dialyzed protein was stored at 20-C until used. Protein
concentrations were determined by Coomassie Plus-200
(Pierce, Rockford, IL) using bovine serum albumin (BSA)
as a standard.
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Five adult virgin female guinea pigs were used for
antibody production against the purified recmSLLP1. Pre-
immune serum was collected by heart puncture, and subse-
quently, each animal was injected with 200 Ag of the purified
recmSLLP1 in complete Freund’s adjuvant and boosted twice
at intervals of 14 days with the same amount of protein in
incomplete Freund’s adjuvant. For all immunizations, half of
the antigen emulsion was injected intramuscularly in the legs
and half subcutaneously in two sites on the back. All animals
were then exsanguinated by heart puncture 9 days after the
final immunization, and the blood was collected in serum
separation tubes (Becton Dickinson, Franklin Lakes, NJ).
After centrifugation at 1750  g for 10 min, the serum was
removed, aliquoted, and frozen until needed.
Specificity of the antisera was tested against recmSLLP1
and mouse sperm extracts following 1D SDS-PAGE West-
ern blotting. recmSLLP1 (0.1 Ag/lane) or cauda epididymal
mouse spermatozoa (10 Ag/lane) were solubilized in
Laemmli buffer (2), and proteins were resolved on a
15% SDS-PAGE gel and separated at 20 mA. Proteins were
then blotted to nitrocellulose and stained by Ponceau. All
blots were blocked with 5% nonfat dry milk in PBS with
0.05% Tween 20 (PBS-T) for 30 min at room temperature.
For immunoblotting of purified recmSLLP1, 1:15,000 or
1:30,000 dilution of the anti-recmSLLP1 guinea pig sera
was tested, whereas for mouse sperm proteins, 1:5000 or
1:10,000 dilutions of the sera was used. The blots were then
washed three times for 10 min in PBS-T and incubated with
1:5000 dilution of peroxidase-conjugated goat anti-guinea
pig IgG secondary antibody for 1 h and washed two times
for 10 min in PBS-T. The blots were then developed either
in TMB peroxidase substrate (3,3V,5,5V-tetramethylbenzi-
dine, KPL, Gaithersburg, MD) or with ECL reagent
(Amersham Corp., Buckinghamshire, UK).
Culture media and reagents for in vitro fertilization assays
The medium used for in vitro fertilization assays was
Fraser’s modification of Whittingham’s medium (Fraser and
Drury, 1975) supplemented with 3% BSA and prepared with
culture grade H2O with analytical-grade reagents. TYH
(Toyoda et al., 1971) medium was used for sperm–oolemma
binding assays. Pregnant mare’s serum gonadotrophin
(PMSG), human chorionic gonadotrophin (hCG), BSA,
culture grade H2O, hyaluronidase, chymotrysin, Hoechst
dye 33342, and other reagents were obtained from Sigma.
Gamete preparation for in vitro assays
Hybrid F1 mice (C57BL/6J  CBA) were used in all
experiments. Suspensions of epididymal spermatozoa from
sexually mature male mice were prepared for insemination of
isolated oocytes. Oocytes were obtained from 28-day-old
females superovulated with 10 IU PMSG and 10 IU hCG,injected intraperitoneally 48 h apart. Females were killed 16 h
after hCG injection, and both oviducts were immediately
removed and placed in mineral oil.
In vitro fertilization with cumulus–oocyte complexes
In vitro fertilization with cumulus intact oocytes was
conducted with sperm dispersed from cauda epididymides
placed for 5 min in 200 ml drops of fertilization medium
under paraffin oil. The sperm suspension was diluted to a
concentration of 106 sperm/ml in a volume of 200 Al and
then incubated for 120 min in a humidified tissue culture
incubator (37-C, 5% CO2 in air) to allow capacitation. In the
experiments where anti-recmSLLP1 serum was tested,
spermatozoa were incubated with varying concentrations
of decomplemented (56-C, 30 min) immune or preimmune
serum for the last 45 min of capacitation. In the experiments
where recmSLLP1 was evaluated, spermatozoa were incu-
bated under standard capacitating conditions.
Cumulus masses were placed in 135 Al drops of
fertilization medium (one mass per drop) under paraffin oil
and were incubated for 45 min with immune or preimmune
serum or in presence or absence of recmSLLP1 prior to
insemination. Fifteen microliters of the sperm suspension
(final concentration: 105 sperm/ml) was then added to each
cumulus mass drop. Thus, sera or recombinant protein was
present in the incubation droplet during gamete interaction.
Six hours following insemination, oocytes were relocated in
100 Al drops of fertilization medium under mineral oil.
Following overnight incubation, eggs were stained in 10 Ag/
ml Hoechst dye for 10 min and washed 3 times in fertilization
medium. The eggs were then placed in 5 Al drop of
fertilization medium between a microscope slide and an
elevated coverslip, and visualized at 160 using light and
fluorescence microscopy (Zeiss Axioplan). Two-cell
embryos were scored as fertilized, while one-celled oocytes
were scored as unfertilized.
In vitro fertilization with zona-free eggs
For the sperm–oolemma binding assay, two cauda
epididymides were placed in 900 ml drops of fertilization
medium under paraffin oil for the dense mass of spermatozoa
to flow freely for¨15 min and then diluted at 1 106/ml for
3 h of capacitation. Cumulus oocyte complexes were placed
in 200 Al drops of TYH medium under paraffin oil. Cumulus
cells were removed by treating the oocytes for 3 min with 1
mg/ml hyaluronidase in TYH medium and then washed 8
times in 50 Al drops. Zona pellucidae were loosened by
treating the oocytes with 10 Ag/ml chymotripsin in TYH
media for 1 min, and loosened zonae were removed by
mechanical agitation using a pulled Pasteur pipette. The
oocytes were then washed 10 times and allowed to recover
from chymotrypsin treatment by incubating in TYH media
for 3 h following which they were stained with 10 Ag/ml
Hoechst dye for 10 min and then gently washed.
Fig. 1. Deduced amino acid sequence of the full-length mSLLP1. A putative
transmembrane domain (71 to 92 aa) and a putative protease cleavage site
are designated with a rectangular box and with a downward arrow,
respectively. The presence of an alpha-lactalbumin/lysozyme C signature
sequence is marked with underline. The altered residues in SLLP1
considered essential to the catalytic pocket of c lysozymes are shown in
bold and underlined, while the three putative myristoylation sites are circled.
The multiple putative phosphorylation sites are shown in boxes. The Gen-
Bank accession number of this sequence is AK006357. The numbers on the
left and right side of the sequence indicate the residue positions beginning
with translation start site and after the protease cleavage site, respectively.
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spermatozoa were incubated with varying concentrations
of decomplemented immune or preimmune sera for the last
30 min of capacitation. Untreated oocytes were then added
to the incubation drops containing the treated sperm with the
final concentration being 2.5  104 sperm/ml.
To compare the effects of recmSLLP1 with human and
chicken c lysozymes, spermatozoa were first incubated
under standard capacitating conditions. Oocytes were pre-Fig. 2. Multiple amino acid sequence alignment of mature SLLP1 (mouse and hu
were shaded, while the 20 invariant residues of c lysozymes were indicated in bo
mSLLP1 were underlined in the consensus sequence. The codons of the boxed re
form a part of the considered ligand binding domain in c-type lysozymes with five
The arrowheads indicate two critical residues (E35 and D52) responsible for the c
SLLP1. Numbers above the top sequence refer to amino acid positions relative to th
c-type lysozymes are shown at the end of each sequence. Lz: lysozyme; mSLLP1
lysozyme-like protein 1 (AAK01478); hLZ: human lysozyme (P00695); mLz: moincubated for 45 min before insemination with recmSLLP1
(0.1 to 200 Ag/ml) or with hSLLP1 (25 Ag/ml) or with
chicken or human lysozyme (50 Ag/ml, 100 Ag/ml).
Untreated capacitated sperm were then added to the
incubation drops containing the treated eggs with a final
sperm concentration of 2.5  104/ml. Thus, in all the
experiments performed, the sera, the recombinant protein, or
the lysozyme was present in the incubation droplet during
gamete interaction. After 30 min of gamete co-incubation,
oocytes were gently washed 5 times in TYH medium and
placed between a microscope slide and an elevated coverslip
and visualized at 160. Binding to the oocyte was scored
by counting the number of bound spermatozoa per oocyte
using phase contrast. Fusion with the egg was scored by
counting the number of decondensed sperm heads within
each oocyte using fluorescence microscopy.
Indirect immunofluorescence studies of mouse spermatozoa
and oocytes
Localization of mSLLP1 on fixed spermatozoa
Cauda epididymal mouse spermatozoa were placed in
0.9 ml drop of phosphate-buffered saline without calcium
(PBS; pH 7.4) (two epididymides per drop) and incubated
at 37-C in an atmosphere of 5% CO2 for 5 min. To induce
the acrosome reaction, spermatozoa were incubated in
TYH media for 90 min to undergo capacitation (Visconti
et al., 1995), and 5 AM calcium ionophore A23187 was
added for another 15 min for the acrosome reaction toman) with human, mouse, and chicken c-type lysozymes. Identical residues
ld in the consensus sequence. The four non-conserved invariant residues of
sidues were interrupted by the introns. The residues marked with diamonds
out of these six residues being conserved in both mouse and human SLLP1.
atalytic activity of chicken lysozyme that are mutated in mouse and human
e first residue. Percent identity and similarity of mSLLP1 with hSLLP1 and
: mouse sperm lysozyme-like protein (AAT07446); hSLLP1: human sperm
use lysozyme (P08905); cLz: chicken egg white lysozyme (LZCH).
Fig. 3. Profile of purified recmSLLP1 and specificity of its antisera. (A)
Expression and purification of his-tagged mature recmSLLP1 (¨15 kDa) in
BL21-DE3 cells stained with silver (left panel) or anti-his antibody (right
panel). Left panel: lane 1: molecular weigh markers, lane 2: extracts from
uninduced cells, lane 3: extracts following induction with IPTG for 3 h,
lane 4: 1 Ag of affinity purified recmSLLP1. Right panel: lane 1: 1 Ag
affinity purified recmSLLP1, lane 2: 3 h induced extract, lane 3: uninduced
extract, lane 4: molecular weigh markers. (B) Specificity of the antisera
generated in female guinea pigs against purified recombinant mature
mSLLP1 (left panel) and cauda epididymal mouse sperm extract (right
panel). Left panel: lane 1: serum from adjuvant injected controls (1:2000),
lane 2: preimmune (1:2000), lane 3: immune 1:15,000, lane 4: immune
1:30,000. Right panel: lane 1: serum from adjuvant injected controls
(1:2000), lane 2: preimmune (1:2000), lane 3: immune 1:5000, lane 4:
immune 1:10,000. Neither preimmune nor serum from animals injected
with the adjuvant alone reacted with the recombinant protein (0.1 Ag/lane,
left panel) or with mouse sperm proteins (10 Ag/lane, right panel), while the
anti-recmSLLP1 serum was reactive with recmSLLP1 and with a ¨14 kDa
mouse sperm protein. Arrows indicate reactive recombinant protein at
¨15 kDa and the dimer formed at ¨30 kDa.
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min at 500  g, and resuspended in PBS; this washing
procedure was repeated three times. Smears of the final
suspension of mouse sperm in PBS were air-dried on
microscope slides at room temperature and fixed in 2% w/
v paraformaldehyde in PBS for 10 min. After 6 washes in
PBS, spermatozoa were incubated for 30 min at 37-C with
normal goat serum (NGS) (5% v/v in PBS) and then
incubated for 1 h with anti-recmSLLP1 sera (1:25). The
slides were washed 3 times in PBS, and spermatozoa were
incubated for 1 h at 37-C with Texas red-conjugated
polyclonal antibody from donkey (1:200, Jackson Labo-ratories). Slides were then washed, incubated for 30 min at
room temperature with Peanut agglutinin lectin (PNA)
(1:50) (Molecular Probes) conjugated with FITC, washed,
mounted in Slowfade\ (Molecular Probes, Eugene, OR),
and visualized under a Zeiss Standard 18 ultraviolet
microscope. Images were captured by using MrGrab (Carl
Zeiss Vision GmbH, Germany).
Egg labeling
Metaphase II eggs were obtained as previously described
(Coonrod et al., 1999) and incubated with 5% NGS/media
for 30 min. Oocytes were washed five times in TYH
medium and incubated with 100 Ag/ml recmSLLP1 or 100
Ag/ml lysozymes for 45 min at 37-C and 5% CO2. Oocytes
were washed five times and incubated with guinea pig anti-
recmSLLP1 polyclonal antibody (1:50), sheep anti-human
lysozyme (1:25), or rabbit anti-chicken lysozyme (1:400) in
5%NGS/media for 1 h at 37-C and 5% CO2. Oocytes were
washed five times and incubated with donkey anti-guinea
pig/Texas Red antibody (1:200) or goat anti-guinea pig/
FITC antisera 1:200), donkey anti-sheep, and goat anti-
rabbit FITC-labeled secondary antibody (1:200) (Jackson
ImmunoResearch), respectively in 5%NGS/media for 1 h at
room temperature at 37-C and 5% CO2. Oocytes were
washed and mounted in media onto glass slides and
visualized under a Zeiss Standard 18 ultraviolet microscope.
Images were captured by using MrGrab 1.0 (Carl Zeiss
Vision GmbH, Germany).
Scanning confocal microscopy
Metaphase II eggs employed for immunofluorescence
studies (above) were utilized for scanning confocal micro-
scopy. The stained eggs were washed three times in PBS
containing 1% BSA (PBS/BSA) and then fixed in 4%
paraformaldehyde in PBS-polyvinylalcohol (PVA) for 20
min at room temperature. Following fixation, eggs were
washed 5 times in PBS/BSA and then permeabilized with
0.5% Triton X-100 in PBS for 20 min at room temperature.
Eggs were then washed five times in PBS/BSA and placed
in 0.4 mg/ml RNase in PBS/BSA for 30 min and then
stained with 20 nM Sytox (Molecular Probes) for 10 min.
Eggs were then extensively washed, placed in slow fade
(Molecular Probes) equilibration media for approximately 1
min, and then mounted on slides in slow fade mounting
media. Images were obtained on a Zeiss 410 Axiovert 100
microsystems LSM confocal microscope. For each panel,
attenuation, contrast, brightness, and pinhole aperture
remained constant. For each panel, 4-s scans were averaged
four times per line using a 63 oil lens equipped with a
zoom factor of two.
Sperm labeling during binding to metaphase II eggs
Zona-free eggs inseminated with capacitated spermato-
zoa from the in vitro fertilization studies above were fixed
Fig. 4. Indirect immunofluorescent localization of mSLLP1 on acrosome intact mouse spermatozoa. Phase contrast (A, C, G), anti-mSLLP1 (B, D, H),
acrosome staining with Peanut agglutinin (PNA) lectin (E), and double staining of acrosome intact sperm with PNA and anti-recmSLLP1 serum (F). Panels
(A) and (B) are insets of panels (C) and (D) respectively. SLLP1 was localized mainly to the anterior acrosome (arrowheads), with some sperm showing
staining in the equatorial segment (arrow). Acrosome-intact sperm defined by the presence of PNA staining on the acrosome (E) showed staining with
recmSLLP1 antibody (F), indicating that mSLLP1 is located in the acrosome of non-capacitated mouse sperm. No immunostaining was observed with
preimmune sera (H).
M.B. Herrero et al. / Developmental Biology 284 (2005) 126–142 131with 2% paraformaldehyde for 10 min at room temper-
ature. Gametes were washed in PBS-BSA, incubated with
5% NGS/PBS-BSA for 30 min at 37-C, and then
incubated for 1 h with anti-recmSLLP1 sera (1:25). The
slides were washed 3 times in PBS, and gametes were
incubated for 1 h at 37-C with donkey anti-guinea pig
Texas red-conjugated polyclonal antibody (1:200, JacksonLaboratories). Gametes were then washed five times in
PBS/BSA, placed in 0.4 mg/ml RNase in PBS/BSA for 30
min, and then stained with 20 nM Sytox (Molecular
Probes) for 10 min for nuclear staining. Gametes were
extensively washed, placed in slow fade (Molecular
Probes) equilibration media for approximately 1 min, and
then mounted on slides in slow fade mounting media.
Table 1
Incidence of SLLP1 staining patterns in populations of acrosome intact and acrosome-reacted mouse spermatozoa
In acrosome intact sperm, defined by positive PNA staining, mSLLP1 localized mainly to the anterior acrosome (70.0%), secondarily to the equatorial segment
(20.3%), whereas 4.5% of the cells displayed no staining. In capacitated and ionophore-induced acrosome-reacted sperm, this pattern was reversed, mSLLP1
was localized to the anterior acrosome in only 13.9% of spermatozoa, whereas mSLLP1 localized to the equatorial region in 70.9% of the cells. The percentage
of acrosome-reacted (AR) sperm in the population is addressed in the last column.
The insert shows Western analysis of the capacitated (CP) and acrosome-reacted (AR) mouse cauda epididymal sperm probed with preimmune (Pi) and
immune (Im) serum. The acrosome-reacted sperm clearly demonstrated the retention of some mSLLP1, a ¨14 kDa band (arrow head) in the acrosome-reacted
population.
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microsystems LSM confocal microscope as described
above.
Statistical analysis
All in vitro assays were repeated at least three or more
times. Experimental and control group values were reported
as means T standard error of mean. Groups were compared
using the matched-pairs t test assuming equal variances, and
differences were reported at P  0.05 as the level of
significance (Bowers, 2002).Results
Mouse SLLP1 is the true orthologue of hSLLP1 and shares
similar characteristics to c lysozymes
The complete deduced amino acid sequence of mSLLP1
is shown in Fig. 1 (predicted mol. wt. 25 kDa, pI—6.2). The
N-terminus of mSLLP1 contains a predicted transmembrane
domain followed immediately by a potential protease
cleavage site between alanine 93 and lysine 94 linkage.
Comparison of the full-length hSLLP1 and mSLLP1
sequences using the Accelrys Gap (Seq/Web version 2)
algorithm found that mSLLP1 is 64.2% similar and 58.8%
identical to the hSLLP1. The mSLLP1 processed form,
starting after the protease cleavage site (128 amino acids),
shares 82.8% similarity and 75.8% identity to that of
hSLLP1. The deduced mSLLP1 sequence contains three
putative myristoylation sites (G2, G41, and G142), potential
phosphorylation sites for casein kinase II (S97) and protein
kinase C (S66, S90, S152, and S153), and a signaturesequence for the alpha-lactalbumin/lysozyme C family. The
predicted molecular weight (14.6 kDa) and pI (5.2) of
mature mSLLP1 are identical to hSLLP1.
In addition, a Blast search of the NCBI GenBank
database and a multiple sequence alignment of selected
mature c lysozymes revealed that mature mSLLP1 is 46%,
48%, and 50% identical to mouse, human, and chicken
lysozymes, respectively (Fig. 2). Forty-one residues in
mSLLP1 are identical to the three conventional lysozymes.
Among the 20 invariant residues of c lysozymes (Prager and
Jolles, 1996), 16 were found to be conserved in mSLLP1.
Interestingly, the essential catalytic residues (E35 and D52)
of chicken lysozyme were replaced with T35 and N52 in
mSLLP1 as well as hSLLP1 (Prager and Jolles, 1996).
Among the six potential substrate-binding residues of c
lysozymes, five were conserved in both mSLLP1 and
hSLLP1 (Kumagai et al., 1992).
The mouse SLLP1 gene, Spaca3, is a six exon gene
located on chromosome 11 at locus B5 where it is flanked
by the gene for amiloride-sensitive cation channel 1,
Accn1, and an unknown protein belonging to the myosin
family. This locus in the mouse is considered syntenic with
17q12 where the human SLLP1 gene, SPACA3, is also
flanked by ACCN1 and the myosin gene MYO1D.
Furthermore, the intron positions of mature mouse and
human SLLP1 precisely match with that for human and
mouse lysozymes interrupting codons for Trp, Asp/Ala,
and Trp (Fig. 2), suggesting a possible origin of these
genes from a common ancestor.
Expression of mSLLP1 and specificity of the antibody
A cDNA sequence encoding the mature mSLLP1 from
residue 94 to 221 (beginning after the putative protease
Fig. 5. Localization of mSLLP1 in ionophore-induced acrosome-reacted
sperm. Phase contrast image (B) may be compared to immunofluorescence
with anti-recmSLLP1 (A) and to acrosome-reacted sperm identified by the
absence of PNA fluorescence (C). SLLP1 was identified in the equatorial
segment (arrowhead) in the majority of acrosome-reacted mouse sperm.
The inset in panel (A) is a magnified view of the spermatozoon with
arrowhead.
Fig. 6. Confocal immunofluorescent localization of mouse SLLP1 on
spermatozoa tightly bound to the mouse oolemma. Zona-free eggs
inseminated with capacitated spermatozoa were fixed and stained with
anti-recmSLLP1 serum and incubated with Sytox for detection of nuclear
staining and examined on a Zeiss 410 Axiovert 100 microsystem. (A) Phase
contrast; (B) nuclear DNA staining; (C) anti-recmSLLP1 immune; and (D)
overlay of panels (B) and (C). Immune sera revealed mSLLP1 staining in
sperm bound to the egg (arrow). When sperm were imaged in their
respective focal planes (32 sperm from 3 eggs), all sperm tightly bound to
the egg displayed mSLLP1 staining. The insert in panel (D) is an enlarged
view of one sperm bound to the oolemma (indicated with arrow in panel D).
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was expressed in E. coli, and a recombinant protein of
¨15 kDa was obtained after Ni++-affinity purification. To
evaluate the relative purity of the recmSLLP1 preparation,
an aliquot of the purified protein was separated by 1D
electrophoresis, and the gel was silver stained and blotted
to probe with anti-his antibody. A prominent band of ¨15
kDa and a much fainter putative dimer at ¨30 kDa (Fig.
3A) were noted. These results indicated that the
recmSLLP1 preparation used for this study was highly
purified.
The specificity of the antibody generated in guinea pigs
against recmSLLP1 was examined by Western blottingagainst both the recombinant immunogen and mouse sperm
proteins. The immune sera recognized the 15 kDa recombi-
nant SLLP1 as well as the putative 30 kDa dimer found in
the recombinant preparation, while the preimmune serum as
well as the serum from guinea pigs injected with adjuvant
alone showed no immunoreactivity with recmSLLP1 (Fig.
3B). In mouse sperm extracts, the immune serum reacted
only with a ¨15 kDa band, while the serum from guinea
pigs injected with adjuvant alone as well as preimmune sera
showed no reactivity (Fig. 3B). These results indicated that
a specific immunoreagent had been generated to the
recmSLLP1 that gave a single band on sperm protein
extracts. Finding only a ¨15 kDa form of mSLLP1 in sperm
protein extracts demonstrated that full length mSLLP1,
predicted to run at ¨25 kDa, was not detectable in sperm.
Further mSLLP1 dimerization does not occur in sperm,
although a small amount does occur during E. coli
expression. The observations also indicated that E. coli
expressed mSLLP1 after affinity purification contained
sufficient numbers of immunogenic epitopes to generate
antibodies cross reactive with the native mSLLP1.
Mouse SLLP1 is associated with sperm acrosome and
retained after acrosome reaction
Indirect immunofluorescence of fixed mouse spermato-
zoa localized mSLLP1 to the anterior acrosome in 70.0%
Table 2
Effect of SLLP1 anti-serum and recmSLLP1 on mouse in vitro fertilization
using cumulus intact oocytes
Treatment # of
experiments
total
# of
eggs
# of 2
cells
embryo
# of non
fertilized
eggs
% Fertilization
A
PI 1:100 3 20 15 5 75
I 1:100 3 20 14 6 70
PI 1:50 3 38 27 11 71
I 1:50 3 46 27 19 59*
PI 1:10 6 64 43 21 67
I 1:10 6 80 21 59 26*
B
Control 3 20 11 9 55
recmSLLP1
50 Ag/ml
3 52 25 27 48
Control 3 29 13 16 45
recmSLLP1
200 Ag/ml
3 64 8 56 12*
In all cases, the sera or the recombinant proteins were present during
fertilization. Two cells embryos were scored as fertilized after 24 h. *P 
0.05. (A) Decomplemented preimmune (PI) or anti-recmSLLP1 immune (I)
sera were added to both gametes 45 min prior to insemination. Statistically
significant inhibition was seen at 1:10 and 1:50 dilutions. (B) recmSLLP1
was added to the oocytes 45 min prior to insemination with untreated
capacitated mouse spermatozoa. Significant inhibition was noted at 200 Ag/
ml of mSLLP1. Control oocytes were pre-incubated with PBS containing
no recmSLLP1.
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However, 20.3% of non-capacitated spermatozoa showed
an equatorial segment distribution of mSLLP1, and 4.5%
possessed no staining (Table 1). Seventy-one percent of
acrosome-reacted sperm, determined by the lack of
fluorescence in the acrosome by PNA lectin staining,
displayed only equatorial segment reactivity with anti-
recmSLLP1 serum (Fig. 5). However, 13.9% of acrosome-
reacted spermatozoa retained an anterior acrosome staining
pattern, while 9.3% did not stain (Table 1). The
disappearance of mSLLP1 staining in the anterior acro-
some appeared to correspond with the appearance of
staining in the equatorial segment following capacitation
and the acrosome reaction.
Proteins from acrosome-reacted sperm were analyzed
by Western analysis (Table 1 insert) using anti-recmSLLP1
serum. Ionophore-treated, acrosome-reacted sperm showed
a ¨14 kDa mSLLP1 band with very subtle decrease in
migration compared to proteins extracted from capacitated
sperm. The slower migration of the ¨14 kDa band is
possibly due to changes in phosphorylation/dephosphor-
ylation of mSLLP1 during the acrosome reaction, a
process known to be regulated by protein phosphorylation
(Furuya et al., 1992). The presence of mSLLP1 in
ionophore-treated as well as capacitated sperm confirmed
that the observed equatorial immunofluorescent staining is
a specific SLLP1 pattern. Importantly, confocal analysis
showed retention of mSLLP1 in all capacitated mouse
sperm tightly bound to mouse eggs (Fig. 6), emphasizingthe concept that this protein may be involved in sperm–
oolemma binding.
recmSLLP1 and anti-recmSLLP1 serum inhibit fertilization
of mouse cumulus intact eggs
To determine the role of mSLLP1 during fertilization,
both spermatozoa and cumulus intact oocytes were pre-
incubated with anti-recmSLLP1 serum or preimmune serum
for 45 min prior to insemination. Fertilization was con-
ducted in the presence of the antibody, and 6 h later, the
eggs were relocated in 100 ml drops of fertilization medium
and incubated overnight. In the groups treated with the
immune sera at 1:10 or 1:50 dilutions, the percentage of
two-cells embryos was significantly (P  0.05) reduced
(61% and 17% inhibition respectively; Table 2A) from the
values observed with respective preimmune serum. How-
ever, a significant effect on cumulus intact eggs was not
observed at a 1:100 dilution.
Cumulus intact oocytes were also incubated with two
concentrations of recmSLLP1, which remained in the
culture medium during the fertilization process. Treatment
of the cumulus–oocyte complexes with 200 Ag/ml
recmSLLP1 significantly reduced the fertilization rate
from 45% in the control group to 12% in the
recmSLLP1-treated group (73% inhibition, P  0.05),
whereas no significant difference was observed on the
percentage of fertilization between the control group and
the group treated with 50 mg/ml recombinant protein,
although a reduction was noted (Table 2B). Taken
together, these results suggested that mSLLP1 plays a
role in fertilization.
Mouse SLLP1 has a role in sperm–egg binding
Inhibition of fertilization by recmSLLP1 protein as well
as antibodies to recmSLLP1 using cumulus–egg com-
plexes prompted a dose-ranging study of the effect of
antibody to SLLP1 and recmSLLP1 on gamete binding
and fusion to determine the stage in the fertilization
cascade at which mSLLP1 exerted its effects. Therefore,
we tested whether anti-recmSLLP1 serum (Fig. 7A) and
recmSLLP1 protein (Fig. 7B) would block capacitated
mouse sperm–egg binding or fusion or both to zona-free
mouse eggs. Statistically significant inhibition of binding
but not fusion was observed when both gametes were co-
incubated in the presence of 1:10 and 1:50 dilutions of
anti-recmSLLP1 immune sera compared to preimmune
sera, whereas the 1:100 dilutions were not significantly
different (Fig. 7A).
The most striking effect was observed when zona-free
mouse eggs were incubated with different concentrations
of recmSLLP1 (0.1–200 Ag/ml) and then inseminated with
untreated capacitated mouse spermatozoa. The incubation
of oocytes with recmSLLP1 produced a concentration-
dependent decrease in the number of spermatozoa bound
Fig. 7. Effect of anti-SLLP1 antibody (A) or recmSLLP1 (B) on sperm–egg binding and fusion. Zona pellucidae from mature mouse eggs were removed by
brief incubation in chymotrypsin followed by mechanical shearing. (A) Capacitated mouse sperm, pre-incubated with different concentrations of anti-
recmSLLP1 sera (solid bars), were co-incubated with zona-free mouse eggs. (B) Zona-free eggs were pre-incubated with the indicated concentrations (Ag/ml)
of recmSLLP1 and then inseminated with capacitated mouse sperm. In all cases, the sera or the recombinant proteins were present during gamete interaction.
Eggs were processed and analyzed for sperm binding and fusion. Data represent the mean T SE from five different experiments. *P  0.05; **P  0.01. The
numbers above the bars represent the number of eggs per group. Anti-recmSLLP1 sera as well as the recmSLLP1 protein significantly inhibited sperm–egg
binding and fusion to the oolemma in a concentration-dependent manner. Controls: (A) preimmune sera, open bars; (B) no protein buffer (cont.).
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as low as 0.1 Ag/ml and 100% inhibition of both binding
and fusion at 200 Ag/ml (12.5 AM; Fig. 7B). Zona-free
mouse oocytes incubated in the absence of recmSLLP1
(buffer only) were used as control. Importantly, no
difference was observed in the percentages of motile
spermatozoa compared to the control, suggesting that anti-
recmSLLP1 or recmSLLP1 protein did not affect sperm
motility but oolemma binding and subsequent fusion.
Taken together, these results support the participation of
mSLLP1 in the binding event at the mouse egg surface
prior to fertilization.
Mouse SLLP1 has complementary binding sites on
unfertilized and fertilized oocytes
To study the possible localization of mSLLP1-binding
sites on the egg surface, unfertilized oocytes along with in
vitro fertilized oocytes at the pronuclear stage were
incubated with purified recombinant mSLLP1 for 45 min,
washed and then exposed to anti-recmSLLP1. Unfertilized
oocytes exhibited fluorescent labeling within the perivitel-
line space and over much of the oocyte surface (Figs. 8Aiand ii; upper panels, white arrowheads). However, an area
devoid of fluorescence was consistently detected. Hoechst
staining revealed that this negative area was always
associated with the area of the oocyte plasma membrane
overlying the metaphase plate (Fig. 8Aii, lower panel).
Thus, mSLLP1-binding sites were restricted to the fuso-
genic region of the egg, consistent with a role for mSLLP1
interaction in sperm–egg binding. Interestingly, oocytes,
with or without zona pellucida, that had been fertilized in
vitro and treated with recmSLLP1 exhibited intense, patchy
immunofluorescent domains over the entire egg surface
(Fig. 8B, white arrowheads), indicating that SLLP1 binding
sites remain associated with egg surface domains after
fertilization. Controls included oocytes not exposed to
recmSLLP1 and then exposed to anti-recmSLLP1 (Fig.
8Ci), oocytes incubated with recmSLLP1 and then exposed
to preimmune sera (Fig. 8Cii), and oocytes incubated with
recePAD (an egg cytoplasmic protein; Wright et al., 2003)
and then incubated with the respective specific antibody
(Fig. 8Ciii). None of these three controls showed egg
surface fluorescence.
Confocal analyses were then employed to refine the
localization of mSLLP1 binding sites in the egg after
Fig. 8. Indirect immunofluorescence of mSLLP1 complementary binding sites on the egg surface. (A) Mature unfertilized or (B) fertilized mouse eggs, with (i)
or without (ii) zona pellucida, were incubated with 100 Ag/ml recmSLLP1 for 45 min, washed, and exposed to anti-recmSLLP1 sera followed by goat anti-
guinea pig/FITC antisera. To visualize nuclear DNA, eggs were treated with 1 AM Hoechst 33342 for 10 min and then washed. Mouse SLLP1 binding sites
were localized in the perivitelline space and on the microvillar region of unfertilized oocytes. Similar binding pattern was also observed with 200, 50, 10, 1.0,
and 0.1 Ag/ml of final mSLLP1 concentration to the zona intact and zona-free unfertilized mouse eggs (data not shown). In fertilized eggs, staining was
observed along the entire plasma membrane of both zona-free and zona intact oocytes. Arrows indicate specific fluorescent staining. Note the metaphase
staining (Ai, ii, lower panels, in purple) and pronuclear staining (Bi, ii, lower panels). (C) Control groups: unfertilized oocytes with or without zona were
incubated in the absence of recmSLLP1 (i), or in the presence of recmSLLP1 but with pre-immune sera (ii), or in the presence of 200 Ag/ml recePAD (iii). (ZP):
zona pellucida, (PVS): perivitelline space.
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Fig. 9. SLLP1 localization by scanning confocal analysis of metaphase II oocytes (A) and pronuclear stage embryos (B) incubated with 100 Ag/ml recmSLLP1
followed by anti-recmSLLP1 immune sera and donkey anti-guinea pig/Texas red secondary antibody. The green fluorescence corresponds to the nuclear Sytox
DNA stain. Intense red immunofluorescences localized SLLP1 throughout the perivitelline space of unfertilized oocytes (A). An intense but discontinuous
distribution of immunofluorescence was detected over the entire surface of fertilized eggs (B, white arrowheads). Note that SLLP1 was also localized in the
zona pellucidae (asterisks) of both metaphase II and fertilized eggs, although the fluorescent signal is much reduced from that seen at the perivitelline space or
oolemma (A, B). No immunostaining was observed with recmSLLP1 + preimmune sera (C) or with recmSLLP1 + second antibody alone (D).
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zona intact unfertilized oocytes showed that mSLLP1-
binding sites were localized predominantly to the
perivitelline space (Fig. 9A). In contrast, fluorescence
was virtually undetected in the perivitelline space of
fertilized eggs, while an intense signal for SLLP1 was
evident on the oolemma in distinct patches (Fig. 9B). A
weak fluorescent labeling was also observed on zona
pellucidae of both unfertilized and fertilized eggs.C lysozymes do not block gamete binding or fusion to the
mouse egg
Mouse and human SLLP1 are lysozyme-like proteins
that share several characteristics of the c lysozyme family.
Mouse SLLP1 is 48% identical to human and 50%
identical to chicken lysozyme, 46% identical to conven-
tional mouse lysozyme, while human SLLP1 is 52%
identical to human lysozyme and 48% identical to chicken
M.B. Herrero et al. / Developmental Biology 284 (2005) 126–142138lysozyme. To determine whether conventional c lysozymes
have an inhibitory effect similar to SLLP1 on sperm–egg
binding and fusion, human and chicken lysozyme were
incubated with mouse oocytes at concentrations shown
previously to exert maximal effects for SLLP1s (Fig. 10).
Although 50 Ag of mouse SLLP1 and 25 Ag of human
SLLP1 maximally inhibited sperm–egg binding and
fusion, a similar effect was not observed even at 50 or
100 Ag/ml of the conventional c lysozymes (Fig. 10A).
Similarly, mouse oocytes did not show any fluorescence
when incubated with human or chicken c lysozymes and
their respective antibodies (Fig. 10B), indicating a lack of
oolemmal receptors for these c lysozymes.Discussion
Mouse SLLP1 is the authentic orthologue of hSLLP1 and a
c lysozyme-like protein
Utilizing proteomics to characterize novel proteins in
human spermatozoa, Mandal et al. (2003) identified human
SLLP1 as a testes-specific, non-bacteriolytic, c lysozyme-
like intra-acrosomal protein. However, functional informa-
tion on SLLP1 during fertilization was lacking, and the
mouse orthologue was sought. The mouse SLLP1 ortho-
logue presented here shared 82.8% similarity and 75.8%
identity to human SLLP1 in the processed region of the
protein. The mSLLP1 cDNA sequence predicted a putative
transmembrane region from 71–92 followed by a protease
cleavage site between the Ala–Lys linkage similar to
hSLLP1. Furthermore, antisera to mSLLP1 recognized only
the processed form (¨15 kDa) but not the putative full-
length protein (¨25 kDa), suggesting that the mature form
of mSLLP1 is the primary form in spermatozoa, an
observation also noted in the case of hSLLP1 (Mandal et
al., 2003). A search of build 32 of the mouse genomic
database located the mSLLP1 locus, Spaca3, at 11B5
syntenic with hSLLP1 at 17q12 and sharing identical
flanking genes. Furthermore, no genes with greater homol-
ogy to hSLLP1 were discovered. Together, these consid-
erations support the conclusion that the authentic murine
orthologue of human SLLP1 has been identified.
A Blast search at the NCBI GenBank with mSLLP1 as
well as multiple peptide sequence alignments of matureFig. 10. Comparison of mouse and human SLLP1 with conventional c lysozymes
sperm–egg binding and fusion. Zona-free eggs were pre-incubated with chicken or
Ag/ml) SLLP1 and then inseminated with capacitated mouse sperm. Note that bot
processed and analyzed for sperm binding and fusion. Data represent the mean T SE
represent the number of oocytes per group. Neither chicken nor human lysozyme w
50 Ag/ml recmSLLP1; 25 Ag/ml rechSLLP1 (positive controls). (B) Indirect imm
whether conventional lysozymes can bind to the egg surface in a manner comparab
incubated with 100 Ag/ml chicken (a) or human (b) lysozyme, washed, and ex
antibodies, respectively, followed by FITC-conjugated secondary antibodies (1:2
detected on metaphase II mouse eggs. (c) 100 Ag/ml recmSLLP1 + anti-recmSL
showed characteristic binding to microvillar region and perivitelline space.lysozymes revealed a high percentage of identity (46%–
50%) of mSLLP1 to c-type, conventional lysozymes from
mouse, chicken, and human. At least 20 invariant residues
are conserved among invertebrate and vertebrate c
lysozymes, 16 of which are present in mSLLP1 (com-
pared to 17 in hSLLP1) including all the 8 cysteines
involved in protein folding. Human SLLP1 showed no
bacteriolytic activity as it lacked two catalytic residues of
c lysozymes which were replaced with Thr and Asn
(E35T and D52N) (Mandal et al., 2003), a modification
also seen in mouse SLLP1, leading to the prediction that
mSLLP1 will similarly lack bacteriolytic activity. Interest-
ingly, five of six putative substrate binding residues are
found to be conserved both in human and mouse SLLP1.
The close relationship between mature SLLP1s and the c
lysozymes is further evident from the similar exon–intron
organization. The mature human and mouse lysozymes
are composed of four exons encoding 27, 55, 27, and 21
amino acids segregated by introns interrupting the codons
for Trp, Ala, and Trp (Peters et al., 1989). The exons of
mature mouse and human SLLP1s encode 27, 53, 27, and
21 amino acids, respectively, and are separated by introns
breaking the codons for Trp, Asp, and Trp at identical
position to mouse and human c lysozymes, suggesting the
common ancestry of SLLP1s and the c-lysozymes.
Mouse SLLP1 localizes mainly to the anterior acrosome in
non-capacitated mouse spermatozoa and is retained in the
equatorial segment following capacitation and the
acrosome reaction
During mammalian fertilization in vivo, all sperm that
have passed through the zona pellucida have acrosome-
reacted, and acrosome intact sperm do not fuse with the
oolemma (Yanagimachi, 2003). Fusion between the sperm
plasma membrane and the oolemma is initiated with the
plasma membrane domain that overlies the equatorial
segment. The molecular mechanisms whereby this specific
domain becomes fusogenic are presently unknown, how-
ever, recently, an intra-acrosomal immunoglobulin super-
family protein, izumo, has been shown to be essential for
mediating sperm egg fusion in / mice (Inoue et al.,
2005). Mouse SLLP1 localized mainly to the anterior
acrosome (70.0%) in acrosome intact mouse sperm and to
the equatorial segment (¨71%) following the ionophore-binding to mouse eggs. (A) Effect of chicken and human c lysozymes on
human lysozyme (50 or 100 Ag/ml) or with mouse (50 Ag/ml) or human (25
h lysozymes as well as SLLP1 were present during fertilization. Eggs were
from three different experiments. **P  0.01. The numbers above the bars
as able to block sperm–egg binding or fusion. Controls: no protein added
unofluorescence of mouse eggs incubated with c lysozymes to determine
le to SLLP1. Unfertilized mouse eggs, with or without zona pellucida, were
posed to anti-chicken lysozyme (1:400) and anti-human lysozyme (1:25
00). In comparison, no egg binding of either conventional lysozyme was
LP1 immune sera (1:50) was used as a positive control in which mSLLP1;
)
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relocation involves redistribution to the equatorial matrix
where mSLLP1 is exposed in the cleft between inner and
outer acrosomal membranes or redistribution to the over-lying plasmalemma or both. Accordingly, spermatozoa that
were capacitated and tightly bound to the plasma membrane
of the egg still retained mSLLP1 protein, suggesting a
possible role for mSLLP1 in membrane binding.
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sperm show SLLP1 staining only in the equatorial
segment. One explanation to account for this observation
is that sperm composition is quite heterogeneous with
respect to distribution of acrosomal matrix proteins as
previously noted for other features of sperm morphology,
motility characteristics, and ability to undergo capacitation
(Bedford, 1983). Another possibility is that a subset of
sperm undergoes SLLP1 redistribution to the equatorial
segment without fully acrosome reacting. This implies that
the redistribution of SLLP1 precedes the loss of PNA+
proteins. The retention of mSLLP1 in the anterior
acrosome (13.9%) following acrosome reaction may be
due to tight binding of mSLLP1 to the inner acrosomal
membrane. Several proteins, such as acrosin and hyalur-
onidase (PH20), have been reported to be tightly bound to
the inner acrosomal membrane and remained there even
after acrosome reaction (Johnson et al., 1983; Overstreet
et al., 1995). The presence of a scaffolding network
(Calvin and Bedford, 1971) between the inner and outer
acrosomal membranes of the equatorial segment as well
as between the inner acrosomal membrane and the nuclear
envelop may contribute to such stability.
Inhibition of sperm binding to the oolemma in the presence
of recmSLLP1 or anti-recmSLLP1 indicates a role for
SLLP1 in fertilization
Using cumulus intact oocytes, fertilization in vitro was
inhibited when both gametes were incubated with the antisera
against recmSLLP1. Similarly, when recmSLLP1 was
present during the fertilization of cumulus intact oocytes,
fertilization was again inhibited, suggesting that mSLLP1 is
involved at some step in the cascade of fertilization events.
[Note that, because recmSLLP1 was dialyzed against PBS,
PBS was also added to the control oocytes, and the
percentage of fertilization obtained for the PBS group was
lower than expected (¨50% vs. the expected ¨70%).]
The zona-free sperm–egg binding and fusion assay
demonstrated that antibody against recmSLLP1 signifi-
cantly inhibited binding of sperm with zona-free mouse
eggs. Furthermore, in presence of recmSLLP1, sperm
binding to the oolemma was inhibited in a concentration-
dependent manner. Among the most critical observations of
this study was a 100% inhibition of sperm–egg binding and
fusion noted when both gametes were incubated with 200
Ag/ml recmSLLP1. Taken together, the in vitro fertilization
data suggest that mSLLP1 has a distinct role in fertilization,
particularly during the sperm–egg binding event. Although
both binding and fusion were affected by recombinant
mouse or human SLLP1, it cannot be concluded that fusion
is affected independently from binding.
Anti-SLLP1 serum at 1/10 dilution inhibited fertilization
by 61% (Table 2A) but reduced sperm egg binding by only
33% (Fig. 7A). The comparatively lower inhibitory effect of
anti-SLLP1 serum in the zona-free sperm–egg binding andfusion assays compared to the effect on cumulus-zona intact
fertilization assays may be due to several factors. The
absence of a major SLLP1 receptor site, i.e., the perivitelline
granular–filamentous matrix, in the zona-free model may
result in a lower level of inhibition. Higher antibody/antigen
ratios with the few acrosome-reacted sperm that enter into
the perivitelline space (with exposed SLLP1) may occur in
the zona intact fertilization model. In zona-free sperm–egg
binding and fusion model, a large number of both
capacitated and acrosome-reacted spermatozoa (25,000/ml)
are exposed to the oolemma, possibly allowing capacitated
sperm with unexposed SLLP1 to interact with egg plasma
membrane. Such oolemma binding of capacitated sperma-
tozoa has recently been demonstrated in the equatorial
segment and post-acrosomal region in a zona-free model
(Sartini and Berger, 2003). Thus, the possibility of
interactions from additional sperm ligand(s) from acrosome
and post-acrosomal region with oolemmal receptor(s) in
zona-free model of sperm egg binding-fusion assays cannot
be ruled out.
Mouse SLLP1 but not classical c lysozymes possesses
binding affinity for the egg plasma membrane
Although several potential candidate binding partners
for sperm–egg interaction have been described, a precise
role for these molecules has not been firmly established nor
has an obligatory role for any single sperm ligand been
defined (Primakoff and Myles, 2002). Therefore, the
identification of additional molecules that participate in
gamete interactions, particularly those retained after the
acrosome reaction in the fusigenic equatorial segment,
could greatly enhance the understanding of fertilization. As
a sperm head protein that is retained after the acrosome
reaction in the equatorial segment, SLLP1 is an attractive
candidate for mediating sperm binding, a hypothesis
particularly strengthened by the demonstration of
mSLLP1-binding sites on the oolemma. These binding
sites were localized to the perivitelline space and over the
entire surface of the unfertilized mouse oocyte, with the
exception of a negative area coincident with the region of
plasma membrane overlying the meiotic spindle, the region
where fusion rarely takes place (Johnson et al., 1975).
However, a change in the pattern of SLLP1 receptors
occurred after fertilization since discrete patches of SLLP1
fluorescent labeling were observed over the entire egg
surface of fertilized oocytes, suggestive of capping seen for
other membrane receptors such as the insulin-like growth
factor receptor, the complement receptor, or the nicotinic
acetylcholine receptor (Detmers et al., 1987; Froehner,
1991; Ikari et al., 1988).
Several well-characterized proteins have been described
as mediators of binding and fusion in the mouse. These
proteins include the egg surface protein CD9 (Chen et al.,
1999) and its putative ligand PSG17 (Ellerman et al., 2003),
the sperm coating epididymal protein DE (Rochwerger et al.,
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And Metalloprotease) family, named fertilin h and cyritestin
(Evans, 2001, 2002), among others. However, recent studies
demonstrated that knockout of fertilin h and cyritestin
showed reduced sperm binding to the oolemma, although
the few sperm that bound were able to fertilize and activate
oocytes (Cho et al., 1998; Nishimura et al., 2001). Such
findings together with the present observations of mSLLP1
emphasize the concept that various molecules on the surface
of gametes likely mediate sperm–egg binding and fusion.
Several receptor/ligand systems may have evolved to achieve
successful binding and fusion, given the importance of
fertilization. This underscores the importance of defining
the nature and location of the potential egg receptors for the
mSLLP1 ligand.
Mouse SLLP1-complementary binding sites on the
unfertilized egg localized mainly within two regions: the
perivitelline space and the area of the plasma membrane
studded with microvilli. The perivitelline space is not
empty but filled with a granular– filamentous matrix
contributed by both the cumulus cells and the oocyte. This
extracellular matrix is attached to the oolemma, and it is
composed mainly of hyaluronan, although other glycopro-
teins, such as GP215, have been localized within the
perivitelline space of mouse oocytes and developing
embryos (Kapur and Johnson, 1985; Talbot and Dandekar,
2003). Hyaluronan, also known as hyaluronic acid, is a
glycosaminglycan with a characteristic disaccharide-repeat
structure of glucuronic acid and N-acetylglucosamine
(Laurent and Fraser, 1992). It is tempting to speculate that
mSLLP1, a c lysozyme-like protein that possesses putative
N-acetylglucosamine binding residues, could bind to
hyaluronan and/or related molecules in the perivitelline
space. This consideration raises the intriguing possibility
that mSLLP1 binding sites adorn the filamentous scaffold
to signal the oolemma that sperm have entered the
perivitelline space. Moreover, mSLLP1 binding sites may
provide directionality for progressively motile sperm
towards the microvillus surface of oolemma. The present
study is, perhaps, the first report of a sperm acrosomal
protein that shows affinity for the perivitelline space. This
space could be conceived as a meshwork or lattice with
complementary binding sites for mSLLP1 that would
further entrap the spermatozoon, guide it to the microvillar
region of the egg, and possibly trigger the signaling events
for sperm phagocytosis. Under this hypothesis, the molec-
ular mechanisms underlying the observed disappearance of
mSLLP1 binding sites after fertilization are of great interest
and could provide another model to understand the block to
polyspermy.
Finally, although the mature (human and mouse) deduced
amino acid sequences of SLLP1 revealed high homology to c
lysozymes from various species, both native chicken and
human lysozymes were unable to bind to the plasma
membrane of the egg nor did they inhibit sperm–egg binding,
suggesting that a unique function for SLLP1 has evolved.Now that human andmouse SLLP1s have been identified, the
presence of this protein in the sperm of other families and
phyla is of considerable interest. Equally intriguing is
whether a role for the lysozyme family in fertilization
evolved before or concurrently with a role in bacteriolysis.Acknowledgments
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